There is a growing interest in the use of near-infrared spectroscopy for the noninvasive determination of the oxygenation level within biological tissue. Stemming from this application, there has been further research in the use of this technique for obtaining tomographic images of the neonatal head, with the view of determining the levels of oxygenated and deoxygenated blood within the brain. Owing to computational complexity, methods used for numerical modeling of photon transfer within tissue have usually been limited to the diffusion approximation of the Boltzmann transport equation. The diffusion approximation, however, is not valid in regions of low scatter, such as the cerebrospinal fluid. Methods have been proposed for dealing with nonscattering regions within diffusing materials through the use of a radiosity-diffusion model. Currently, this new model assumes prior knowledge of the void region location; therefore it is instructive to examine the errors introduced in applying a simple diffusion-based reconstruction scheme in cases in which there exists a nonscattering region. We present reconstructed images of objects that contain a nonscattering region within a diffusive material. Here the forward data is calculated with the radiosity-diffusion model, and the inverse problem is solved with either the radiosity-diffusion model or the diffusion-only model. The reconstructed images show that even in the presence of only a thin nonscattering layer, a diffusion-only reconstruction will fail. When a radiosity-diffusion model is used for image reconstruction, together with a priori information about the position of the nonscattering region, the quality of the reconstructed image is considerably improved. The accuracy of the reconstructed images depends largely on the position of the anomaly with respect to the nonscattering region as well as the thickness of the nonscattering region.
INTRODUCTION
Optical tomography is a new noninvasive imaging technique that aims to image the optical properties of biological tissue, particularly the peripheral muscle, the breast, and the brain. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] See Refs. 16-18 for recent detailed reviews of the state of the art. An optode placed on the surface of the region of interest will deliver an input signal (either continuous-wave, amplitude-modulated or ultrashort pulses of photons), while other optodes placed at different locations on the same surface will detect the outcoming photons that have propagated through the volume under investigation. The intensity and the path-length distribution of the exiting photons provides information about the optical properties of the transilluminated tissue.
The optical properties of tissue vary considerably over a range of wavelengths. The characteristic tissue scatter is commonly expressed in terms of the reduced scatter coefficient s Ј ϭ s (1 Ϫ g), where g is the mean cosine of the single-scatter function (the anisotropy factor) and s is the scatter coefficient. For biological tissue the value of g is usually ϳ0.9, which describes a mainly forward scatter for the tissue. Typically at 800 nm s Ј is ϳ1-2 mm Ϫ1 for breast and neonatal brain tissue and is larger for muscle and adult brain. 19, 20 The other major optical property of concern is the absorption coefficient a , which at 800 nm is approximately 0.01-0.025 mm Ϫ1 for soft tissue 20 but generally increases with wavelength, since the dominant component in most soft tissue is water. However, very strong absorption from hemoglobin in blood at wavelengths less than 600 nm limits the wavelength range of the radiation that can be used for imaging through several centimeters of tissue to the red and near infrared (NIR) region. 16 Numerical modeling of light propagation in scattering tissue has become well established in optical tomography largely through the use of the diffusion approximation to the Boltzmann transport equation. [21] [22] [23] The diffusion approximation is, however, valid only for materials that are much more scattering than absorbing. This may be suitable for measurements involving largely scattering media, for example, the female breast or peripheral muscle. Our major interest in optical tomography, however, lies in its use for the imaging of the neonatal head. In such studies the aim would be to detect changes in the oxygenation state of specific regions of the brain as an aid to the understanding and prevention of cerebral handicap. Within the head there are regions that are nonscattering while still absorbing, namely, the cerebrospinal fluid (CSF) layer around the brain and in the ventricles. The presence of CSF prevents the accurate modeling of photon propagation within the regions of interest when the diffusion approximation 24 is used. Our aim in this study is to investigate the effect of a relatively simple nonscattering region on images reconstructed with a diffusion-based model and in particular to simulate the case of the CSF-filled regions within the neonatal head.
FORWARD PROBLEM
We have modeled a nonscattering region within a diffusing medium using a new radiosity-diffusion model. 25 Under the assumption that scattering dominates absorption in a region of interest, the Boltzmann transport equation can be simplified to the diffusion approximation, which in the frequency domain is given by
where q 0 (r, ) is an isotropic source and ⌽(r, ) is the photon density at position r. The diffusion coefficient is given by
Theoretical and experimental results have so far demonstrated the validity of these equations under appropriate conditions, where s Ј ӷ a .
26-28
Within a clear nonscattering region, photon migration can be calculated with the radiosity theory. 29 This theory simply calculates the irradiance of a surface from a light source at a given point and angle. In the case of a clear layer having an absorption coefficient a , the irradiance at a point r 2 on a surface ⌫ 2 due to a source r 1 on another surface ⌫ 1 is given as
where I 1 is the source strength from point r 1 on surface ⌫ 1 . ͉r 1 Ϫ r 2 ͉ represents the distance between the two points. 1 is the angle between the source vector from point r 1 and the normal at point r 1 , and 2 is the angle between the source vector at point r 2 and the normal at point r 2 . This radiosity-diffusion method for calculating photon propagation in diffusing tissue containing nonscattering regions has shown a very good agreement with models of the Boltzmann transport equation, Monte Carlo models, and with experimental results. 25, 30, 31 
INVERSE PROBLEM: IMAGE RECONSTRUCTION A. Image Reconstruction in the Absence of Voids
We assume that the data, y, are represented by a nonlinear operator, F,
where M represents a measurement type. 32 Then the image-reconstruction method seeks a solution,
where ʈ • ʈ R is the weighted L2 norm, R is the inverse of the data covariance matrix, and ⌿ is a functional representing prior knowledge. We use a finite-element method (FEM) as a general and flexible method for solving the forward problem in arbitrary geometries. As developed in Refs. 21 and 22, given a domain ⍀, bounded by ‫ץ‬⍀, Eq. (1) is expressed in the FEM framework as
where is a constant depending on the refractive-index mismatch at the air-tissue boundary, and the system matrices K, C, A, and B have entries given by
where u i is the shape function associated with node i of the FEM mesh, and ⌽(), q 0 () are vectors representing the field and the source, respectively, at the nodal points at the mesh. The modeled data is obtained by application of a measurement operator:
Our approach has been to use measurement operators of a normalized integral transform type, which can be efficiently calculated directly from Eq. (1) without explicitly solving the parabolic time-domain version of the problem. 33, 34 This approach reduces the cost of the forward model by an order of magnitude. In this paper we use only the mean time (i.e., the first moment of the temporal response function), although other data types may give improved results. 35 We assume that a (r) and (r) are expressed in a basis with a limited number of dimensions (less than the dimension of the finite-element-system matrices). A num-ber of different strategies for defining reconstruction bases are possible 36 ; in this paper we use a regular bilinear pixel basis.
To find ( a , ) in Eq. (5), we originally proposed a Levenberg-Marquardt algorithm, 37 although in this paper we use the more efficient gradient-based algorithm described in Ref. 38 .
B. Image Reconstruction in the Presence of Voids
The above mechanism is easily modified to the case in which the domain ⍀ contains nonscattering void regions. We have a domain ⍀ consisting of R diffusing regions
be the union of all diffusing regions and
The forward problem Eq. (6) has an additional coupling term added for each void, to give (12) where the new term E() is assembled from component matrices for each void region, with entries given by
where h(r 1 , r 2 ) is a binary function having value 1 if points r 1 and r 2 are mutually visible. A more detailed description of the radiosity-diffusion method can be found in Ref. 25 . The gradient of the objective function is obtained in the same way as before, with Eq. (12) instead of Eq. (6) for both the forward and the adjoint field calculations. All other components of the algorithm remain unchanged.
METHOD AND RESULTS
In the following examples, several different forward models are used to generate data. In each case a twodimensional circular model of radius 35 mm is used, with 16 sources and detectors placed equidistant on the outer boundary. The sources were modeled as an isotropic point source, placed one scattering distance (0.5 mm) inside the outer boundary, and a Robin boundary condition was used. 22 Only the mean time of flight was considered as the data type.
Images were reconstructed from this data using two models:
1. A diffusion-only model in which no clear nonscattering regions were considered. No a priori knowledge of the nonscattering region is used here, such as simply with a low s Ј value in the known region, because such an approximation, although possible in the diffusion-only model, is an inadequate description of the actual light propagation. 25, 30 2. A radiosity-diffusion model with correct a priori information about the position, size, and refractive-index properties of the nonscattering region.
Regularization in the form of Markov random field was used in all reconstructions. 35, 39 We add Markov random field terms of the form
to the objective function in Eq. (5), where D is the total number of nodes in the model, p i is the solution at node i, for p either a or . nn(i) is the total number of neighbors to i with n(i, j) being the jth neighbor of node i.
( p) is a hyperparameter for each solution parameter. The value of ( p) is chosen automatically for each case by use of the Miller criterion. 40 The exact characteristics of the models, including mesh sizes, numbers of sources and detectors, the source model, regularization parameters, reconstruction bases, and the inverse algorithm, were made as far as possible identical and are tabulated in Table 1 . In each case, only a images are considered.
A. Case 1: Nonscattering Void
The first case considered is a concentric nonscattering circular region of radius 10 mm [ Fig. 1 
B. Case 2: Nonscattering Gap
Next, a concentric 2-mm-thick annular nonscattering region extending from a radius of 10 to 12 mm within the diffusing region was modeled [ Fig. 2(a) ]. The background optical properties of the diffusing region and the absorption and refractive-index properties of the nonscattering ring were set as in the previous model. A Gaussian anomaly with the amplitude, FWHM, and location of the previous case was again modeled. Forward data was calculated as before, and a images were reconstructed with the two different methods. 
C. Case 3: Variable Gap Thickness
To simulate the case of the CSF ring within the neonate head, a concentric nonscattering gap was placed at a distance of 3 mm from the outer boundary of the diffusing model [ Fig. 3(a) ], with its thickness varying from 1 to 4 mm. The optical properties of the diffusing and nondiffusion regions were as in the previous cases. A Gaussian anomaly with the same properties as before was placed within the central part of the diffusing region as shown in Fig. 3(a) .
From the images in Figs. 3(b)-3(e) it can be seen that the models based solely on the diffusion approximation again fail to reconstruct a useful image. It has been previously reported that for data from a model containing a CSF ring thickness of greater than 0.5 mm the diffusion approximation fails to reconstruct. 41 However, the previous study was restricted to only time-independent data, and therefore only photon intensity was used.
The images reconstructed with the radiosity-diffusion model are not as expected [ Fig. 3(f )-3(i) ]. From the previous cases shown, it is reasonable to expect the quality of reconstructed images to be as good in this case as the previous cases. The only major difference here is that the anomaly is placed within the clear annular ring. Also, when dealing with purely diffusive material, one can detect a single anomaly can quite easily and very clearly with similar methods. The reconstructed images show that the quality is not as good if the thickness of the annular ring is greater than 1 mm. Figure 4 shows a crosssection plot (from bottom left to top right of the model) of the calculated a distribution for each model, as well as the target distribution and the calculated distribution obtained if no clear layer was present in the forward and the inverse models. It is found that, as the thickness of the clear annular layer becomes larger, the calculated a of the anomaly becomes worse. Also, for the thicker layers of the nonscattering region, the peak value of the anomaly is seen to move nearer to the boundary of the model.
D. Case 4: Variable Gap Location
Next, the same radiosity-diffusion model as in the previous case was taken except that the thickness of the clear layer was kept constant at 2 mm. The clear layer was modeled extending over a radius of 20-22 mm and then moved out radially in steps of 1 mm to finally extend over a radius of 24-26 mm [ Fig. 5(a) ]. The optical properties were the same as the previous case, and an anomaly was also modeled as before. Results are shown in Figs. 5(b)-5(f). From the reconstructed images it is seen that the quality of the images is slightly better than that seen for a corresponding thickness of a clear ring, in Fig. 3(h) . Figure  6 shows a cross-section plot (from bottom left to top right of the model) of the calculated a distribution for each model, as well as the target distribution and the calculated distribution obtained if no clear layer was present in the forward and the inverse models. It is seen from the cross section that when the nonscattering ring is at a substantial depth within the diffusing model (15 mm) and the anomaly is positioned near the edge of the clear layer, the reconstructed a distribution appears best. As the clear layer is moved out radially, the quality and quantitative value of the reconstructed a distribution become worse.
E. Case 5: Comparison of Image Quality with and without a Nonscattering Gap
For the next stage of the study, both a purely diffusive model and a model with a 2-mm-thick clear layer extending over a radius of 26-28 mm were compared. The same Gaussian anomaly was placed at the center of the model and moved out radially in 11 equal steps until it was centered at a radius of 28.28 mm. Images are shown for each position of the anomaly in Figs. 7(a)-7(k) for the diffusion-only case and in Figs. 8(a)-8(k) for the clear-gap case. In this example, only the radiosity-diffusion model is used in the inverse solver for the gap case, since the diffusion model fails, as has been shown in the previous three cases.
To allow better comparison, the radial peak position of the anomaly, in each case with use of the two models, was calculated by taking the position of the peak value of the calculated a distribution, and these are shown in Fig.  9(a) . It can be seen from this graph that in the purely diffusing model, the calculated position of the anomaly is very good compared with its actual position. The radiosity-diffusion model, however, shows a very nonlinear response. When the anomaly is positioned deep inside the model (0-7 mm), the calculated peak position is not very good compared with the actual. Between a radius of 7 and 12 mm, the calculated peak position does not change by a large amount. The calculated peak position of the anomaly becomes more accurate only when its actual position is nearest to the inner edge of the clear ring and also when the anomaly is placed outside the clear ring.
To look further at the effect of this 2-mm-thick clear layer in the model, we calculated the FWHM for the cross section of the calculated absorption of the anomaly in each of the models (with and without the 2-mm clear layer); the results are shown in Fig. 9(b) . The line representing the calculated FWHM of the purely diffusing model (solid curve) is as expected. This shows that as the anomaly gets nearer the boundary of the model, the reconstructed images become better and sharper because the sensitivity in these regions is higher than those in the center of the model. 42 The other notable feature of the calculated FWHM is that the area of the reconstructed anomaly is shown to be much greater than the estimated area, at a radius of less than 15 mm from the center of the model. This is also evident from the reconstructed images shown in Fig. 8 .
A notable feature of the reconstructed images shown in Fig. 8 is that as the anomaly moves nearer the edge of the clear nonscattering ring, the reconstructed shape of the anomaly becomes more elongated along the edge of the nonscattering ring. Again this can be due to the high sensitivity of the regions nearer to the edge of the nonscattering ring.
F. Case 6: Irregular Gap Thickness
A final model was constructed in which the clear layer has an irregular boundary [ Fig. 10(a) ]. This model has been included, since in reality the CSF layer around the brain is indeed irregular. It has also been suggested 30 that the profound effect of the clear layer is due to the extended ''line of sight'' for the photons crossing this region, which would be more limited if the boundary were irregular. The irregular boundary was calculated by adding noise to the x and y coordinates of the smooth boundary and then smoothing to a desired level by removing the higher-frequency roughness. In this model the maximum thickness of the nonscattering ring is 2.5 mm and the minimum is ϳ0.5 mm. The optical properties were the same as the previous case, and an anomaly was also modeled as previously. Images of a distribution were reconstructed with only the radiosity-diffusion model (with the correct a priori information about the position and size of the nonscattering region). The 100th iteration of the conjugate-gradient algorithm is shown in Fig.  10(b) . From the reconstructed image as well as the cross-section plot of the calculated absorption distribution in Fig. 11 , it can be seen that the quality of the reconstructed image is much better than that of a corresponding 2-mm smooth-surfaced clear ring [ Fig. 3(h) ] and almost as good as that of the 1-mm-thick clear ring [ Fig.  3(i) ].
DISCUSSION AND CONCLUSIONS
Forward solutions of diffusion-based models that contain nonscattering regions have been calculated with the radiosity-diffusion finite-element method. Data from these forward solutions were then used to reconstruct images of internal a distribution with either a diffusion or a radiosity-diffusion model. In the radiosity-diffusion model, the position and size of the nonscattering region have to be known a priori. In cases 1 and 2 we show that in the presence of a single nonscattering region (circular or annular), if the anomaly is located outside the clear region, an accurate image of the internal a distribution can be calculated. In these cases, the success of the reconstruction may be due to the fact that the migrating photons encounter the anomaly before they encounter the nonscattering region. Also, in some cases of source-detector combinations (e.g., adjacent), the propagating photons may not even encounter a nonscattering region.
Case 3, with a variable gap thickness, showed that, providing the thickness of this nonscattering ring is ϳ1 mm, a good image of the internal a can be reconstructed with the radiosity-diffusion model. However, the reconstructed image deteriorates rapidly as the thickness of the clear layer increases. One possible explanation for this is that for larger thickness of nonscattering regions, the light entering the clear region from the outer surface will illuminate a larger surface on the inner boundary. This results in a more uniform distribution of the light, so that the light arriving at any detector would provide less information about local inhomogeneities. Furthermore, for large thicknesses of the nonscattering rings, some photons may even travel around the nonscattering rings, arriving at the detector without having sampled the interior at all. 43 For a given thickness of a clear ring (2 mm) that was moved from a radius of 20 mm to 24 mm within the model (case 4) it was found that better images of the internal a distribution were reconstructed when the clear layer was at the maximum depth within the diffusing material and also was placed such that it was near the anomaly. This is probably because any incident light on the surface of the model will have traveled a large distance before it encounters the clear layer. Also, when the clear layer is a large distance within the diffusing medium, the diffusing area within the clear layer is smaller, reducing the amount of space needing to be sampled by the light. Furthermore, reconstruction of the anomaly within the inner boundary of the clear ring appears to be aided if the anomaly is nearer the inner boundary of the clear ring, indicating a high sensitivity in the regions closest to the boundary of the clear layer.
This latter observation is also seen when the single anomaly is moved radially outward from the center in the presence of a given fixed clear ring (case 5). The anomaly is best reconstructed when it is positioned outside the outer boundary of the clear ring. But when the anomaly is within the diffusing area enclosed by the clear ring, the best possible reconstruction is achieved when the anomaly is nearest the inner boundary of the clear layer. In addition, for reconstructed anomalies that are nearer the edge of the clear nonscattering ring, a more elongated reconstructed image along the edge of the clear layer is seen. This can be due primarily to the high sensitivity of the data to those regions rather than to the regions deeper within the model.
The effect of an irregular clear ring has been examined (case 6). The thickness of the ring varied between 0.5 and 2.5 mm, with a mean of 1.507 mm. The average was calculated by taking the mean of the radial distance across the clear layer for each degree of rotation around the model. Images of the internal a distribution were reconstructed by use of the radiosity-diffusion model with knowledge of the nonscattering boundary position. Unlike images obtained for the smooth-surface models of equivalent average thickness, an image was reconstructed with relatively good quality.
In all of the above cases, the diffusion-only model failed to reconstruct a correct a distribution. This suggests that to reconstruct successfully from data obtained from models or tissues containing nonscattering regions, one must take these regions into account. One method is to use the Boltzmann transport equation to model such cases. Unfortunately, this method is computationally very expensive and complex. A new alternative is the radiosity-diffusion method, which has been shown to be quite successful in solving the forward model for nonscattering regions. Here we have used the same method to reconstruct images from models containing nonscattering regions, provided that information about the size and po- Fig. 10(b) . a is shown for a purely diffusing model as well as for the models shown in Figs. 3(h) and 3(i) (curves b, d , and c, respectively). The actual distribution is also shown as the target (a).
sition of the nonscattering region is known. It has been shown that, provided that the region of interest is outside a nonscattering ring (or if the clear ring enclosing the region of interest is approximately no thicker than 1.0 mm and has a smooth boundary), a useful image of the internal a can be reconstructed.
Finally, it has also been shown that if the surface of the nonscattering layer is not smooth but is rough and irregular, satisfactory images can be reconstructed for larger and thicker nonscattering layers. A more thorough investigation of effects of roughness has been put forward. 44 In that work the investigators have shown that in the extreme limit of void boundary roughness, the model begins to behave more like a diffusive model rather than one that contains a void region.
A drawback of the approach as reported here is that the boundary and optical properties of the void region needs to be known a priori. Recently we reported a method for finding internal boundaries of piecewise constant diffusing media, 45 and in subsequent publications we hope to report on an extension of that method to the case of interest here, namely, that one or more of the regions is nonscattering.
In all the cases described in this paper, only the mean time of flight has been used for image reconstruction. The use of additional data types for reconstruction may considerably improve the quality of images.
